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The 28 kDa glutathione S-transferase of Schistosoma mansoni (Sm28GST) could be considered today as the best characterized (molecular cloning, full sequence of the chromosomal gene (McNair et al. 1993 ) and crystallisation (Trottein et al. 1992b ) and the most tested vaccine candidate antigen. The protective properties of this molecule have stimulated work both on the GSTs of other schistosome species and on other enzymes involved in detoxification and antioxidant pathways.
Schistosome GSTs were first identified as potential targets of protective immunity by two separate approaches. The identification of a 28 kDa fraction of soluble S. mansoni adult worm antigens that elicits a protective antibody response and confers a high degree of protection to both rats and mice (Balloul et al. 1985) was followed by the cloning of the cDNA encoding the major antigenic component of the fraction (Balloul et al. 1987a ) which was identified as a GST (Taylor et al. 1988 ). Sm28GST was expressed in both Escherichia coli and in yeast in an enzymatically active form that allows its purification by affinity chromatography on glutathione-agarose (Taylor et al. 1988) . The recombinant protein elicits protective immunity in rats, hamsters (Balloul et al. 1987a , baboons (Balloul et al. 1987b ) and in mice (Boulanger et al. 1991 , Pancré et al. 1994 . The level of protection conferred against infection varies from a mean of 50-70% in rats to 40-50% in mice and 40% in baboons. The relevance of our choice for the 28GST as vaccine candidate has been strengthened by vaccination experiments performed in Sudan against cattle schistosomiasis due to S. bovis (Bouchara et al. 1993) .
General discussions of immune protection against schistosome infection have concerned a reduction in the numbers of parasites recovered from immunized animals compared to non-immunized controls. The experiments in baboons using recombinant Sm28GST highlighted a different protective effect of immunization, which until recently had not been demonstrated with any other antigen. This effect was a reduction in the fecundity of female worms reflected in a reduced excretion of eggs by immunized animals, and a reduction in tissue egg loads in mice immunized with Sm28GST and challenged with S. mansoni (Boulanger et al. 1991) and in cattle immunized with native Sb28GST and infected with S. bovis (Bouchara et al. 1993) . This particular protective effect of the immune response could be related to the inhibition of the GST enzymatic activity by antibodies (Xu et al. 1991 , which is vital to the survival of the parasite in the definitive host (Mitchell 1989) . Thus, these findings open new and accessible concepts in vaccine research against schistosomiasis, dedicated to the reduction of the parasite fecundity, more in terms of anti-pathological vaccines than in terms of eradication of the parasitic disease in the definitive host. Indeed, a vaccine, aimed at preventing the development of the serious forms of the disease, has therefore become a major goal for applied research, reinforced by the recent emergence of schistosome strains naturally resistant to chemotherapy (Ismail et al. 1994 , Fallon et al. 1996 .
The logistic benefit of the availability of a polyvalent vaccine against several schistosome species infecting the same definitive host prompted researchers to use primate and cattle models to investigate the capacity of GSTs in Freund Complete Adjuvant to prevent heterologous experimental infections. The efficacy of patas monkey immunization with 28GST cloned from S. mansoni to prevent the deleterious impact of an experimental challenge with S. haematobium was evaluated in Niger (Boulanger et al. 1995) . A marked anti-fecundity effect and an alleviation of the bladder pathology were recorded in the vaccinated patas monkeys, showing the major antigenic properties of some of the conserved epitopes of 28kDa GSTs in both schistosome strains. In parallel, the protective efficacy of cattle immunization with the cloned S. bovis 28GST against a natural S. mattheei challenge, was tested in Zambia (De Bont et al. 1997) . In addition to the spectacular reduction of egg output (>80%), a dramatic reduction of miracidia viability was observed, showing that the recombinant Sb28GST can provide significant protection against natural infection by S. mattheei.
These demonstrations open the possibility that a cross-specific anti-fecundity vaccine might be achieved, as far as 28GSTs of the concerned species would present highly conserved domains involved in the catalytic activity of the antigens, as it has been described for the N and C terminal domains (respectively AA 10-43 and AA 190-211) of the 28GSTs from S. mansoni and S. haematobium (Trottein et al. 1992a) .
The relevance of the induction of humoral immune response against specific domains of the 28GST was pointed out by the study of the immune status of infected human populations. A correlation could be observed between the production of IgA Abs directed against the peptides involved in the GST catalytic site and the resistance to reinfection (Auriault et al. 1990 . Moreover, the human IgE response to one of the major B epitopes of the Sm28GST (AA 115-131) could be involved in the reduction of worm burden through an antibody-dependent cell cytotoxicity mechanisms.
The dramatic emergence of a new focus (1989) of S. mansoni infection in the Senegal river basin provides a unique opportunity to study the acquired humoral immune response before any chemotherapy treatment, and to confirm the hypothesis of multifactorial mechanisms involved in the protective effect of vaccination with 28GSTs. Very recently, we developed a study on specific immune profiles against Sm28GST in populations exempt of chemotherapy and living in this area where the prevalence reaches almost 100%. Sera from 185 infected individuals were collected, and the specific antibody profile to the protective antigen was evaluated according to the age and to the intensity of infection (EPG). In addition, recognition of major epitopes of the Sm28GST by antibodies and their capacity to inhibit the enzymatic activity of the protein were assessed. Specific IgE directed to 115-131 sequence peptide raised at the early age, when the EPG number decreased. In addition, we showed that high specific IgG3 and IgA Ab levels were closely associated with low EPG counts in the whole population. The production of specific IgG3, and particularly of IgG3 Abs directed to the peptides corresponding to the catalytic site of the Sm28GST were associated with a low level of infection intensity followed by a peak of production of neutralising anti-Sm28GST IgA response. Surprisingly, the nature of the isotype involved in this age-dependent neutralising effect seems different according to the sex of individuals. Specific IgG3 production is strongly correlated to inhibition of Sm28GST activity in the male population, whereas anti-Sm28GST IgA Abs are predominantly associated with this effect in the female population (Remoué et al., unpub. data) .
Thus, it appears that at least two distinct classes of immunological effectors may account for the two protective effects of 28GST vaccination, i.e. reduction of worm burden and reduction of the worm fecundity, both from the study of experimental models and of human populations. As could be expected, immunity to such complex organisms as schistosomes is obviously multifactorial in nature and there is no a priori reason to think that successful immunization against this pathogen can be achieved through the elicitation of a single effector mechanism.
NEW EXPERIMENTAL APPROACHES IN THE VACCINE STRATEGY AGAINST SCHISTOSOMIASIS USING 28GSTS
Considered as a whole, these observations and the confrontation of studies in experimental models and in infected humans point to a major message regarding the design of an anti-schistosome vaccine using 28GSTs. The concept of isotype selection which we have developed since 1976 appears as an essential factor for the expression of optimal resistance to reinfection. The dynamic balance in chronic schistosomiasis between effector and blocking antibody isotypes against the same molecule appears to account for the variable expression of immunity. Among effector antibody isotypes, IgE and IgA appear to act on different functional targets of the parasite. The optimal induction through immunization of the appropriate antibody isotypes is therefore of primary importance to the success of any vaccine strategy. However, our approach towards this goal is presently hampered by our limited knowledge of the immunological mechanisms driving isotype selection, and by empirical criteria in the choice of appropriate antigen delivery systems. The demonstration of the so far unsuspected function of IgA antibodies in schistosomiasis and their potential role in protective immunity has paved the way to new possibilities of immunization strategies through mucosal routes. Although success has been obtained with oral administration of Sm28GST entrapped into liposomes , our strategies have been recently driven to the use of the encoding gene instead of the recombinant protein. The two selected approaches were, on the one hand the production of recombinant bacteria expressing the GST, and on the other hand, the construction of naked DNA integrating the protein encoding gene for its use as nucleic acid vaccine (NAV).
Live vaccine vectors are usually very effective and generally elicit immune responses of higher magnitude and longer duration than non-living vectors. Although the majority of living vectors are given by the oral route, as we previously developed (Khan et al. 1994) we were the first to describe the construction of a bacterial vector designed to be delivered via the respiratory tract (Renauld-Mongenie et al. 1996) . Bordetella pertussis, the etiologic agent of whooping cough colonises very efficiently the human respiratory tract. The filamentous hemagglutinin (FHA) is the major adhesin, with three distinct binding activities (Locht et al. 1993) and presents a high immunogenic potential. For these reasons, we fused the Sm28GST cDNA to the FHA gene. The recombinant B. pertussis was able to express the hybrid protein and has kept its ability of lung colonisation and autoagglutination. A single intranasal administration of the recombinant strain (BPGR60; 510 6 CFU in PBS instilled in the nostrils of 4-week-old female OF1 mice) was able to induce IgA and IgG antibodies against Sm28GST in the bronchoalveolar lavage fluids in mice (Renauld-Mongenie et al. 1996) . Serum antibodies became detectable after either a boost with rSm28GST or an experimental infection given two months later (Mielcarek et al. 1997) . The anti-Sm28GST isotype profile showed the presence of IgG1, IgG2a, and IgG2b as well as IgA, suggesting a mixed Th1-Th2 response (Fig.  1) . Wild type bacteria (BPSM) was used as a control. Using the same immunization protocol, mice were challenged for experimental infection (70 S.
was not significant. In a purpose to make possible the use of this type of living vector in humans, we designed new strains deleted for virulence factors. Recent experiments indicated that a single nasal administration in mice with a particular recombinant detoxified strain was able to induce highly protective immune responses against both a B. pertussis infection and a parasite challenge (Mielcarek et al. 1998) .
We also developed a recent approach of mucosal immunization using recombinant BCG. This live attenuated Mycobacterium bovis strain, is commonly used in many countries as a vaccine against human tuberculosis (Colditz et al. 1994 ). Both cellular and humoral immune responses are observed in animal models vaccinated with BCG (Ladel et al. 1995 , Huygen et al. 1996 . Therefore, this micro-organism constitutes an attractive live vector for the presentation of foreign antigens and recombinant expression systems have already been developed for antigen presentation (Stover et al. 1991) . Bout et al. (1977) have already described the capacity of BCG to induce short-term resistance against S. mansoni. Recombinant BCG producing protective antigens, may combine this endogenous property with antigen-specific immunoprotection and may therefore represent a particularly attractive vaccine vehicle against schistosomiasis. Thus, we developed a rBCG strain expressing the Sm28GST under the control of hsp60 promoter (Kremer et al. 1996) . Antigen specific IgG1, IgG2a, IgG2b, and IgA antibodies were Fig. 1 : antibody response after intranasal administration of recombinant Bordetella pertussis producing Sm28GST (BPGR60) -OF1 mice were intranasally immunized with 5 10 6 CFU of recombinant BPGR60 or wild-type BPSM and intranasally boosted two months later with 20 µg of rSm28GST. The sera were collected 14 days later. The isotype distribution of the antibody response in the pooled serum was evaluated by ELISA (Mielcarek et al. 1997) . Results were expressed in titers, reported as the reciprocal of the dilution giving on OD three times that of the conjugate control. Fig. 2: protective effect of immunization with of recombinant Bordetella pertussis producing Sm28GST (BPGR60) against challenge with Schistosoma mansoni cercariae -OF1 mice were immunized as previously described (Fig. 1 ). Mice were infected with 70 S. mansoni furcocercariae. The number of adult worms was determined by portal perfusion six weeks later. The percentage of protection is calculated by comparison with numbers of worms recovered from the control group. Egg charge is expressed for each mouse as the number of eggs per gram of intestine and liver combined. The percentage of reduction comparison with numbers of eggs recovered from the control group. *, significant at P<0.01 (Student's t test). mansoni cercariae percutaneously) one week after the boost with rSm28GST. A significant reduction in worm burden (about 33%) was obtained together with a significant reduction of the number of tissue eggs (42%) in the group immunized with BPGR60 when compared to the group which has received only PBS (Fig. 2) Genetic vaccination against schistosomiasis could represent a promising alternative to recombinant antigen vaccination since antigen-encoding plasmid DNA is very stable when compared to recombinant live vectors or even to the corresponding protein antigen and can be used without any adjuvant. This new approach to vaccination has proven to elicit both humoral and cellular responses specific to the plasmid encoded antigen and to be efficient in conferring protective immunity in a large number of viral and bacterial infectious disease models (Fynan et al. 1993 , Ulmer et al. 1993 , Lai et al. 1995 , Wang et al. 1995 , Huygen et al. 1996 . Our approach consisted in the intradermal administration of plasmid DNA containing the fulllength Sm28GST cDNA sequence (Balloul et al. 1987a ). The skin is the penetration site of the parasite where the invading schistosomula releases Sm28GST (Porchet et al. 1994) . Furthermore the skin, comparable to some extends to mucosal tissues, presents a developed lymphoid system able to generate both local and systemic immunity. Furthermore, the participation of the skin associatedlymphoid system in protection against S. mansoni infection has been already reported (Mountford et al. 1992) .
The Sm28GST expression plasmid, pNIp28, was constructed by PCR amplification of the full-length Sm28GST cDNA sequence and cloning into PCR II (TA cloning System, Invitrogen, San Diego, CA). Fischer rats were immunized by three intradermal injections of 200 µg pNIp28 at 14 days intervals. Immuno-histochemical analysis of skin samples corresponding to both the plasmid injection site and distant sites were performed 2 days or14 days after injection. The localisation of Sm28GST in the skin (in derm and muscle layer under the derm) was similar 2 days or 14 days after pNIp28 injection and was concentrated in a confined area where plasmids had been administered (Dupré et al. 1997) . Levels of Sm28GST specific IgG of different isotypes were evaluated by ELISA on sera from pNIp28-immunized animals. Antibodies were detected in the sera of intradermally immunized animals as soon as 28 days after the first administration. The antibody response increased rapidly to a peak at day 42 and persisted at a constant level for at least 126 days (Fig. 3) . The IgG antibody response against Sm28GST was exclusively constituted of IgG2a and IgG2b subclasses.
To evaluate the functionality of the induced anti-Sm28GST antibodies, in vitro ADCC assays were performed in the presence of immune sera using macrophages as effector cells and schistosomula as targets . When compared to the background killing in the presence of day 0 sera and sera from control animals, pooled sera from DNA-immunized rats (day 42 to Fig. 3 : antibody response and antibody-dependent cellular cytotoxicity toward schistosomula (ADCC) after intradermal immunization with plasmid DNA encoding Schistosoma mansoni 28 kDa glutathione S-transferase. Rats were administered with 200 µg of plasmid at days 0, 14 and 28 by intradermal route. Specific anti Sm28GST IgG1, IgG2a, IgG2b and IgG2c titers in pooled sera were determined at different time points (ELISA), and reported as the reciprocal of the dilution giving an OD three times points after administration were tested with naive rat macrophages as effector cells. Results are expressed as the percentage of killed schistosomula (meand and SD of duplicate experiments) (Dupré et al. 1997). day 126) were able to mediate the killing of schistosomula at significant levels (p<0.05). This ADCC activity was concomitant with the presence of specific antibodies and increased gradually with sera collected from day 42 to day 126 after the first immunization (Fig. 3) .
Thus, intradermal DNA immunization with plasmid DNA encoding Sm28GST is able to induce a long-lasting specific antibody response at the systemic level against S. mansoni infection. Induced antibodies are able to mediate ADCC which is considered as a major protective mechanism involved in the reduction of worm burden. Moreover, the induction of protective immunity in the skin is particularly attractive for the control of S. mansoni infection since the skin is the first tissue encountered by the parasite which is thought to be more susceptible to the immune defences at this early stage than at later maturation stages. Interestingly, a strong and rapid (3 days) booster ef-92 92 28GST Vaccine Candidates: an Update Gilles Riveau et al. fect was observed after infection of the immunized rats with cercariae indicating that native Sm28GST reactivated the specific antibody response. This phenomenon is unique considering that the booster effect observed after infestation of animals immunized with conventional or mucosal vaccines, appears 2 or 3 weeks after skin contact with cercariae (Mielcarek et al. 1997) . When considering the duration of parasite migration through the skin (up to 3 to 4 days), it is conceivable that the secondary immune response was elicited at the skin level. This is supported by the fact that during penetration cercariae liberate several products including 28GST and that schistosomula express this antigen in the course of migration trough the skin (Porchet et al. 1994) . Indeed, the immune reaction observed would happen within hours after cercariae penetration through the skin, before they acquire a masking coat of host molecules, both glycolipids and glycoproteins . Even if the profile of the immune response induced in our model is probably of a Th1-like profile, which is recognised as a general feature of NAV immunization, a consistent ADCC activity was clearly developed by the sera. The detection of this activity, which could be considered as a major defence mechanism against schistosome larvae, could explain the consistent reduction of worm burden observed in rats during the preliminary protective experiments (>60%).
CONCLUDING REMARKS
Although the identification of the definitive vaccine formulation for human use adapted to the field is far from the present approaches we are developing, these researches represent the necessary steps to get what we expect: a vaccine with a good efficacy in terms of appropriate immune response with long-lasting protection, a good adaptation to the epidemiological situation in afflicted areas, a good immunogenicity in all individuals, a crossspecificity of antigen formulation, an easy and appropriate delivery system, no early or delayed sideeffects, no disease-potentiating effects, and economic acceptability.
Our present results and consistent ones obtained in other laboratories around the world indicate that the prospects for an effective vaccine against schistosomiasis are very real. Definitively, the 28GST antigen is considered worldwide as a candidate molecule for such a vaccine, especially for its capacity to induce an anti-fecundity effect. Although high levels of protection can be induced by a vaccine including 28GST, it remains likely that MHC restriction of the immune response in outbred populations will necessitate either a manipulation of the immune response by selective epitopic presentation, or the incorporation of other protective antigens in the definitive vaccine. The discovery that animals and humans develop partial immunity to new schistosome infection, focused attention to these mechanisms which the schistosome seems to deploy to make itself invisible to the host's immune system in acquiring host-derived macromolecules on its outer membrane. Interestingly, one of the effects of chemotherapy with praziquantel is to blister the surface skin of the schistosome, thereby penetrating the shield that makes it invisible to the host, and rendering it vulnerable to specific immune attack and destruction by the host effector cells. A combination of chemotherapy with a vaccine cocktail strategy could therefore well be the main hope for control of schistosomiasis.
However, trials of vaccine candidates in humans should be at first developed independently to combination, in terms of tolerance and immune reactivity to schistosome antigens. The recent knowledge on S. haematobium infection in human populations obtained from the development of epidemiological studies conducted under EEC auspices, and the results acquired from the research on experimental models of urinary schistosomiasis, give us the opportunity to define the parameters for vaccination in man with Sh28GST. Indeed, taking into account all information obtained recently, the effects on egg output and viability due to anti-fecundity immunity generated by vaccination with 28GST are sufficient to justify rapid progress to human trials. In that way, Phase I clinical trials of Sh28GST in conventional vaccine formulation (alum) took place in Europe in December 1997. Phase II has been already designed in three endemic countries for the following years. These trials will represent a major milestone in the achievement of the future vaccine against schistosomiasis.
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